The type II secretion pathway is widespread among gramnegative bacteria (48, 49) . It is also known as the main terminal branch of the general secretory pathway (38) . In all cases, the secreted proteins possess a typical N-terminal signal sequence, which is processed while being exported across the inner membrane. Between 11 and 14 genes are required for the second step of the secretion pathway. Each encodes a protein that has amino acid sequence homology to different degrees with other proteins of the same family. An outer membrane protein belonging to the GspD protein family has been demonstrated to form multimeric complex (2, 7, 25, 31) and suggested to serve as a gated secretion channel (33) . A second outer membraneassociated protein, GspS (PulS in the case of Klebsiella oxytoca), was recently demonstrated to be part of the GspD secretion channel (36) . Four pseudopilin proteins belonging to the GspG, -H, -I, -J families were located mainly in the inner membrane (37, 43) . Bleves et al. (5) have identified XcpX, the GspK homologue of Pseudomonas aeruginosa, as a fifth pseudopilin. The GspG proteins have been demonstrated to form either homodimers or heterodimers with the GspH-, -I, -J proteins, and the pilin subunit PilA protein in the case of P. aeruginosa, from cross-linking studies (32, 39) . Five other inner membrane proteins include those belonging to the GspC, GspF, GspL, GspM, and GspN families. Secondary structure prediction indicated that these proteins possess either one (GspC, -L, -M, -N) or three (GspF) membrane-spanning sequences. Topological analysis of either PhoA or BlaM fusions confirmed such predictions (4, 42, 54) . The GspE protein family, with a characteristic nucleotide-binding motif, was demonstrated to have autokinase activity (50) . Various protein-protein interactions among different Gsp proteins have been demonstrated in several cases (32, 34, 50, 52) . A multicomponent model was proposed for the type II secretory machinery of P. aeruginosa by Filloux et al. (15) .
The two out gene clusters of Erwinia chrysanthemi and Erwinia carotovora share strong sequence homology and gene organization. However, the outN gene is absent in the former. Neither is the gene encoding the GspN homologue present in the P. aeruginosa xcp gene cluster, while it is encoded by most other type II secretion gene clusters (19, 40, 41, 51) . Pairwise amino acid sequence alignments among the GspN proteins revealed the highest sequence identities of 34.7% between the PulN protein of K. oxytoca (accession no. P15753) and the OutN protein of E. carotovora (accession no. P31710) and 39% between the ExeN protein of Aeromonas hydrophila (accession no. P41852) and the EpsN protein of Vibrio cholerae (accession no. P45784). In contrast, with the same comparison parameters (blosum 62; gap creation of 8 and gap extension of 2 [18] ), the sequence identity between PulD of K. oxytoca (accession no. P15644) and OutD of E. carotovora (accession no. P31701) is 72.5% and that between ExeD of A. hydrophila (accession no. P31780) and EpsD of V. cholerae (accession no. P45779) is 55.8%. These analyses suggest that the amino acid sequence of the GspN protein is probably not as well conserved as that of the GspD protein. Upstream of the xpsD gene in Xanthomonas campestris pv. campestris, we have previously identified two open reading frames (ORFs) (ORF1 and ORF2 [20] ). ORF2 could encode a protein of 261 or 257 amino acid residues. We tentatively assigned the first in-frame ATG as the initiation codon ( Fig. 1) , because we located a putative Shine-Dalgarno sequence-GGAGG-6 nucleotides upstream of it. Searching in the GenBank database with filters to exclude input sequences with low complexity or repeat regions (1) retrieved no other protein. Its N-terminal amino acid sequence resembles a likely membrane-anchoring sequence (Fig. 1) . Such analysis raised our interest to determine the significance of ORF2 in extracellular protein secretion in X. campestris pv. campestris. We designate it the xpsN gene for the following reasons. Its location in the xps gene cluster and the predicted molecular weight of its putative protein product are similar to those of all gspN genes of the type II protein secretion pathway. Upstream of ORF2, we have identified nine ORFs (unpublished results; accession no. L02630 and M81648), the deduced amino acid sequences of which have sequence homologies to various extents, as well as the same gene order, with the pulEFGHIJKLM genes of K. oxytoca. The first five have been designated the xpsEFGHI genes by Dums et al. (12) . Furthermore, as discussed previously, the amino acid sequence homology among all known GspN proteins is not as high as other Gsp protein families.
In this study, we constructed an in-frame deletion mutant of the xpsN gene on the chromosome of X. campestris pv. campestris. Subcellular fractionation of ␣-amylase revealed that it is accumulated in the periplasm of the xpsN mutant strain. Sucrose gradient sedimentation followed by immunoblot analysis of the parental strain showed that the XpsN protein is a cytoplasmic membrane protein. However, coimmune precipitation and affinity chromatography indicated that it may be associated with the outer membrane protein XpsD. The results suggested that the XpsN protein is probably involved in the type II secretion process by its association with the secretion channel located in the outer membrane.
MATERIALS AND METHODS
Bacterial strains and plasmids. Escherichia coli BL21(DE3) was a kind gift from F. W. Studier. X. campestris pv. campestris XC1701 was originally isolated as a spontaneous Rif r mutant from a wild isolate, XC17. XC1708 and XC17433 are both secretion mutants generated from Tn5 mutagenesis (20) . Plasmids used are summarized in Table 1 . Plasmid pNC2, expressing the xpsN gene, was obtained by cloning a 1.1-kb SacII-BclI fragment from pKC107 into the broadhost-range vector pCPP30 digested with HindIII and BamHI. A HindIII linker was ligated to the SacII-cleaved end that had been treated with ExoIII/S1 nuclease. DNA sequencing results revealed that 14 bp were removed from the SacII-cleaved end. To construct plasmid pSYP9, for expressing the XpsD(His) 6 protein, we made use of the C-terminal (His) 6 codon in the expression plasmid pET21b (Novagen), into which the xpsD coding sequence was introduced in three steps. We first generated an XhoI site upstream of the stop codon of the xpsD gene by performing PCR of the 3Ј-end fragment of the xpsD gene using the 5Ј primer pSUDA6 (5Ј-GATGTTTCGGGTAGCGT-3Ј) and the 3Ј primer pXhoI (5Ј-CTAGCGAATTACTCGAGTTTATGAACATCC-3Ј). By cloning the PCR product digested with BamHI and XhoI into pET21b, we obtained plasmid pX. In a similar way, an NdeI site was created upstream of the initiation codon of the xpsD gene. The 5Ј-end fragment of the xpsD gene was reproduced upon PCR using the 5Ј primer pNdeI (5Ј-CAGACCCATATGAGTGA-3Ј) and the 3Ј primer pR21 (5Ј-GTTCGGGCGCGCGTACGG-3Ј). The PCR fragment digested with NdeI and BamHI was then cloned into pX, giving rise to plasmid pXN. In the third step, a central BamHI fragment of the xpsD gene was introduced into pXN, producing plasmid pXNB. To introduce the xpsD(His) 6 gene into a broad-host-range vector, we generated plasmid pCXNB15 by inserting XbaI-linearized pXNB into pCPP30. The pET21b moiety was subsequently removed from pCXNB15 by digestion with EcoRI and BlpI, followed by a filling-in reaction and self-ligation, producing plasmid pCXNB9. The XpsD(His) 6 protein produced from pCXNB9 was low in abundance. For an unknown reason, when we replaced the 3Ј-end fragment of the xpsD gene in pCXNB9 with an MluIEcoRI fragment generated upon PCR using the 5Ј primer pSUDA6 and the 3Ј primer pETEH (5Ј-GGGAATTCAGCAGCCAACTCAGCTTC-3Ј) to create plasmid pSYP9, the abundance of the XpsD(His) 6 protein produced in X. campestris pv. campestris was increased. All PCR fragments were confirmed to be unaltered with DNA sequencing data.
Production of antibody against the XpsN protein. An N-terminally truncated XpsN protein was overexpressed from the T7 promoter located on the T7 expression vector pET-3d (44) . The overexpression plasmid pYL2 was constructed by cloning the xpsN gene from the 22nd amino acid of the XpsN protein in-frame into the filled-in NcoI site of pET-3d. E. coli BL21(DE3)(pYL2), grown in 2YT medium (tryptone, 1.6 g per liter; yeast extract, 1 g per liter; NaCl, 1 g per liter) with 0.4% glucose to an optical density at 600 nm (OD 600 ) of 0.6 to 0.8, was induced with the addition of 0.4 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) and incubated at 37°C for 50 min. Rifampin was then added at a final concentration of 100 g/ml before incubation at 37°C for two more hours. Total cell lysates were prepared by treatment with lysozyme followed by sonication, as described by Hu et al. (22) . The major protein band was collected from a sodium dodecyl sulfate (SDS)-polyacrylamide gel for immunization of a rabbit. Sera were prepared by the procedures of Harlow and Lane (16) . Immunoblot analysis indicated that the antiserum could detect in X. campestris pv. campestris XC1701 a protein with an apparent molecular mass of 36 kDa that was absent in XC17433, in which the entire xps gene cluster was deleted (20) .
Construction of the xpsN mutant strain. An in-frame deletion mutant xpsN gene that produced a truncated protein, XpsN(⌬34-131), was constructed by first introducing a single HindIII site at two respective sites via site-directed mutagenesis. Plasmids pKC108 and pKC114 contain an upstream and a downstream HindIII site, respectively. Recombination of the upstream fragment from pKC108 with the downstream fragment from pKC114 generated plasmid pKC111, which produced a truncated XpsN protein migrating in SDS-polyacrylamide gel electrophoresis (PAGE) with an apparent molecular mass of approximately 25 kDa.
Subsequently, the deleted xpsN gene was introduced into the X. campestris pv. campestris genome by the procedures of Kamoun et al. (23) with slight modifications. An XbaI-SalI fragment of 5.5 kb containing the deleted xpsN gene was subcloned from pKC111 into a narrow-host-range plasmid, pUCD4121, that contains a cat gene for selecting the primary recombination event that integrates the plasmid into the genome and a sacB gene for selecting the secondary recombination event that excises the wild-type xpsN gene from the genome. The recombinants from the primary recombination event appeared at a much lower frequency than that of spontaneously arising chloramphenicol-resistant colonies. In order to overcome this problem, a kanamycin resistance gene cassette was introduced at the SalI site for primary selection. Despite the low frequency, we were able to obtain a recombinant that was resistant to both kanamycin and chloramphenicol but sensitive to sucrose, following electroporation of the recombinant plasmid pUKM, which contained the deleted xpsN gene, into XC1701. Electroporation procedures of Chen et al. (7) were followed. By incubating the recombinant X. campestris pv. campestris in LB with shaking at 30°C for 4 h, cells were plated on LA plus 5% sucrose. Colonies that were able to grow on sucrose were streaked on plates containing 50 g of kanamycin per ml. Only those that became sensitive to kanamycin were picked and analyzed for ␣-amylase secretion on a starch plate. Approximately half of them were defective in secretion. PCR analysis using the upstream primer pMX (5Ј-GCAATGCGCCT TGAAATGATCGGCCTGCGC-3Ј) and the downstream primer pXA-1 (5Ј-TC GGCGCACGTCCGGTGGCGGAGTGGTGG-3Ј) confirmed that indeed only the deleted xpsN gene was present in the genome. We designated this strain XC1709. Preparation of total membrane and its washing with NaCl or urea. Total membrane was prepared following the procedures of Hu et al. (22) . For every 100-ml culture grown to an OD 600 of 1, the membrane from ultracentrifugation was suspended in 6 ml of 10 mM HEPES (pH 7.5). One-milliliter aliquots were mixed with NaCl or urea stocks made in the same buffer to respective final concentrations and incubated on ice for 20 min before centrifugation at 65,000 ϫ g for 30 min. Both the supernatant concentrated upon trichloroacetic acid (TCA) precipitation and the pellet were analyzed by SDS-PAGE, followed by immunoblot analysis.
Sucrose gradient sedimentation analysis. Total membrane was analyzed on a step sucrose gradient (25 to 61% [wt/wt]) by the procedures of Hu et al. (22) . Each fraction was analyzed for density (determined from the refractive index) and for distribution of the XpsN and OprF (OmpA homologue) proteins by immunoblotting of TCA-precipitated samples. Upon dilution, each fraction was also tested for succinate dehydrogenase activity by the procedures of Kasahara and Anraku (24) . One unit of succinate dehydrogenase was defined as the amount of enzyme catalyzing reduction of 1 nmol of DCPIP (2,6-dichlorophenolindophenol) in 1 min at room temperature.
Ni-NTA affinity chromatography. Membrane protein extract was prepared by mixing total membrane with 2% deoxycholate at 4°C overnight, followed by ultracentrifugation at 50,000 rpm (Beckman TLA 100.3) for 1 h. It was subsequently mixed with 1 ml of Ni-nitrilotriacetic acid (NTA) resin (Qiagen), which had been preequilibrated with a 15ϫ volume of balance buffer (10 mM Tris-HCl [pH 8.0], 0.1% deoxycholate, 100 mM NaCl), in the presence of 10 mM imidazole and 1 mM phenylmethylsulfonyl fluoride at room temperature for 2 h. The resin mixture was then loaded on a 10-by 1-cm-diameter column (Bio-Rad) with the flow rate set at 0.5 ml/min. Following sequential washings with a 15ϫ volume of washing buffer A (10 mM Tris-HCl [pH 8.0], 0.1% deoxycholate, 500 mM NaCl) and washing buffer B (washing buffer A plus 50 mM imidazole), the bound protein was eluted with elution buffer (washing buffer A plus 250 mM imidazole) and collected at 1.5 ml/fraction. Proteins in each fraction collected as flowthrough, washings, and eluates were precipitated with cold 10% TCA and analyzed by SDS-PAGE, followed by immunoblotting for the XpsN and XpsD(His) 6 or XpsD proteins.
Coimmune precipitation. Total membrane extracted with 2% Triton X-100 made in 10 mM Tris-HCl (pH 8.0)-10 mM EDTA at 4°C overnight was centrifuged at 11,000 ϫ g for 30 min. The collected supernatant was mixed with antibody against XpsN (at a 1:40 dilution) or XpsD (at a 1:80 dilution) in Triton buffer (2% Triton X-100, 10 mM Tris-HCl [pH 8.0], 200 mM NaCl, 10 mM EDTA) and incubated overnight at 4°C, followed by incubation with protein A-Sepharose CL-4B (10% [wt/vol] in Triton buffer) at room temperature for 1 h. After centrifugation at 700 ϫ g for 5 min, the pellet was washed two or three times with Triton buffer containing 200 mM NaCl and once with Triton buffer alone before being resuspended in electrophoresis sample buffer. Two types of antibody against the XpsD protein were used in this study. One (designated anti-XpsD N antibody), against a LacZ-XpsD (residues 37 to 589) fusion protein (22) , was used in detecting the full-length and C-terminally truncated XpsD proteins. The other (designated anti-XpsD C antibody) was prepared by immunizing rabbits with a truncated XpsD protein containing residues 429 to 759 (7) and was used for detecting N-terminally truncated XpsD proteins.
Immunoblot analysis. Procedures of Hu et al. (22) were followed for immunoblot analysis. Antibody against the XpsN protein was added at a 1:250 dilution, that against XpsD N at a 1:1,000 dilution, and that against ␣-amylase (21) at a 1:1,000 dilution. Antibody against the E. coli OmpA protein, a kind gift from U. Henning, was included at a 1:10,000 dilution.
RESULTS
XpsN is required for ␣-amylase secretion. We constructed an in-frame deletion mutant xpsN gene on a narrow-host-range vector, pUCD4121, that can not replicate in X. campestris, introduced it into the parental strain XC1701, and obtained an xpsN mutant strain, XC1709. PCR analysis indicated that the wild-type xpsN gene on the chromosome was replaced with the deleted gene (data not shown). Introduction of plasmid pNC2, which encodes a wild-type xpsN gene alone, could complement the secretion defect in XC1709. This result suggested that the deletion introduced into the xpsN gene did not have a polar effect on downstream xpsD gene expression.
By analyzing ␣-amylase secretion on starch plates, we found that the clear zone produced by the xpsN mutant strain XC1709 was much smaller than that produced by the parental strain (data not shown). We further conducted subcellular fractionation and examined ␣-amylase distribution by immunoblot analysis. The ␣-amylase was no longer detectable in the extracellular fraction of the mutant strain XC1709. Instead, it appeared in the periplasm (Fig. 2) . When the wild-type xpsN gene encoded by plasmid pNC2 was reintroduced into XpsD expressed from P lac on pCPP30 Present study pYL2
XpsN(⌬1-21) expressed from P T7 on pET-3d Present study pNC2
XpsN expressed from P lac on pCPP30 Present study pSYP9
XpsD(His) 6 expressed from P lac on pCPP30 Present study pUKM XbaI-SalI fragment of 5.5 kb from pKC111 subcloned in pUCD4121 Present study XC1709, ␣-amylase reappeared in the extracellular fraction. These results suggested that the XpsN protein is indeed required for ␣-amylase secretion across the outer membrane. In the periplasmic fraction of XC1701 and XC1709(pNC2), ␣-amylase was detected in significant amounts. It may represent extracellular ␣-amylase that remained cell-associated. We have detected cell-bound ␣-amylase by immunofluorescence labeling of intact cells with antibody against ␣-amylase in a wild-type strain, but not in a nonsecretive mutant (22) . In support of this suggestion, proteinase K treatment of intact cells followed by immunodetection of ␣-amylase revealed that the amount of cell-associated ␣-amylase of the wild-type strain XC1701 and the complemented mutant strain XC1709(pNC2) was reduced with increasing concentrations of proteinase K and remained unchanged in the mutant strain XC1709 (data not shown). XpsN is tightly membrane associated. Examination of the amino acid sequence of the XpsN protein revealed a likely membrane-anchoring sequence (Fig. 1) . However, immediately downstream of the hydrophobic amino acid residues there appears the amino acid sequence AVA, similar to an N-terminal signal peptide cleaved by signal peptidase I (58). When we examined the distribution of the XpsN protein in different subcellular fractions, we observed that it cofractionated with the membrane fraction. Furthermore, the XpsN protein remained membrane-bound after washings with up to 1 M NaCl or 2 M urea (Fig. 3) . Only a minor portion appeared in the supernatant after washing with 3 M urea (Fig. 3B) .
XpsN localizes mainly in the cytoplasmic membrane. When we analyzed the XpsN protein by sucrose gradient sedimentation, we found that the major peak of the XpsN protein appeared in fractions 10 to 15, cofractionating with the peak of the cytoplasmic membrane marker succinate dehydrogenase (Fig. 4) . Some weak but reproducible XpsN signals were also detectable in fractions 25 to 27, which overlapped the major peak of the outer membrane protein OprF appearing in fractions 25 to 31. Likewise, a very small but discernible peak of succinate dehydrogenase activity was observed in fractions 26 to 28. The proportion of the XpsN protein detected in the outer membrane fractions is no greater than that of succinate dehydrogenase in the same fractions. Moreover, similar distributions of the XpsN protein and succinate dehydrogenase activity were observed in the xpsD mutant strain XC1708 (data not shown), suggesting that appearance of the XpsN protein in the outer membrane fractions is probably unrelated to the XpsD protein.
XpsN coimmunoprecipitates with XpsD. We conducted immune precipitation experiments by preparing Triton X-100-EDTA extracts of total membrane from various strains. When we conducted immune precipitation with anti-XpsN antibody and probed the blot with antibody against the XpsD protein, a protein band with an apparent molecular mass of 80 kDa was detected in XC1701 (Fig. 5A, lane 1) but not in XC1708 (xpsD mutant) or XC1709 (xpsN mutant) (Fig. 5A, lanes 2 and 3) . Nor was it detectable in the negative control (Fig. 5A, lane 4) , where membrane extract was omitted from the entire immune precipitation process. When we reversed the immune precipitation process by precipitating with antibody against the XpsD protein and probed with antibody against the XpsN protein, we observed a protein band migrating at a distance where the XpsN protein was expected in XC1701 but not in XC1708, XC1709, or the negative control (Fig. 5B) . These results suggested that the XpsN protein may form a stable complex with the outer membrane protein XpsD. The bands migrating behind the XpsD or XpsN protein probably represent crossreactive materials, since they appeared in all samples.
XpsN cofractionates with XpsD(His) 6 upon affinity chromatography. In order to confirm the interactive relationship between the XpsN and XpsD proteins, we made use of the specific binding property of the (His) 6 -tagged XpsD protein with a Ni-NTA column and examined the eluted protein profile with antibodies. Our unpublished results indicated that the C-terminally (His) 6 -tagged XpsD protein could complement the xpsD mutant XC1708 as well as the wild-type XpsD protein. As observed in Fig. 6 , both the XpsD(His) 6 and the XpsN proteins bound to the Ni-NTA column were eluted simultaneously in the first and second fractions. In these fractions, two protein bands detected with antibody against the XpsD protein were observed. The faster-migrating band may be a degradation product of the XpsD(His) 6 protein, since it is not detected in any other fractions. Neither did it appear in other experiments. The control experiment indicated that without the (His) 6 tag, neither XpsD nor XpsN was bound to the column or eluted with 250 mM imidazole. The XpsN protein that was coeluted with the XpsD(His) 6 protein constitutes approximately 2.8% of the total XpsN protein recovered from the column in all fractions. Considering that approximately 30% of the XpsD(His) 6 protein was detected in the flowthrough, we estimate the proportion of the XpsN protein cofractionating with the XpsD(His) 6 protein to be approximately 4%.
The C-terminal domain of XpsD is involved in its association with XpsN. In order to locate the region of the XpsD protein that is involved in its interaction with the XpsN protein, we performed immune precipitation experiments using various XC1708 (xpsD mutant) strains carrying plasmids that express different truncated XpsD proteins. By performing immune precipitation with antibody against the XpsD protein, we observed that the XpsN protein coprecipitated with the fulllength XpsD protein encoded by pKC118 (Fig. 7A, lanes 1 and  6) . In contrast, precipitation with antibody against the XpsD protein did not give rise to the XpsN signal in any of the three strains containing plasmid pMH7, pKdPs, or pKDT (Fig. 7A , lanes 2 to 4 and 7). As shown in Fig. 7C , each of them encodes a C-terminally truncated XpsD protein with expected molecular sizes of 43, 59, and 58 kDa, respectively. On the other hand, the strain containing pYL4 clearly gave XpsN signals (Fig. 7A, lane 8) , one of which may be a degradation product. The plasmid encodes an N-terminally truncated XpsD protein with an expected molecular size of 56 kDa (Fig. 7C) . The XpsN signal in the strain containing pCD105, which encodes another N-terminally truncated XpsD protein, with an expected molecular size of 39 kDa, was barely visible (Fig. 7A, lane 9) . It was probably the result of the protein level of the latter which was lower than that of the former (data not shown).
To confirm these results, we performed reciprocal experiments by precipitating the membrane extract with antibody against the XpsN protein and probing the blot with antibody against the XpsD protein. In agreement with previous observations, we observed that the full-length XpsD protein encoded by pKC118 coprecipitated with the XpsN protein (Fig.  7B, lanes 1 and 6) . Moreover, we did not detect in the strain containing pMH7 or pKDT (Fig. 7B, lanes 2 and 4) any XpsD signal, besides those present in the negative control, with the expected molecular size of the truncated XpsD protein. To our surprise, an XpsD protein signal migrating with an apparent molecular size of approximately 60 kDa was clearly detected in the strain containing pKdPs (Fig. 7B, lane 3) . A similar signal, although slightly weaker, was present in the strain containing pKC118 (Fig. 7B, lane 1) , probably a degradation product from the full-length protein. The signal was absent in the negative control (Fig. 7B, lane 5) , where no membrane extract from any strain was included in the precipitation mixture. Nor was it present in the strain containing pMH7 or pKDT (Fig. 7B, lanes  2 and 4) . We did not anticipate detecting the truncated XpsD proteins encoded by pYL4 (56 kDa) or by pCD105 (39 kDa bodies against the XpsD protein was excluded by our control experiments (data not shown).
DISCUSSION
By constructing a nonpolar chromosomal xpsN gene mutant strain, XC1709, we demonstrated in this study that the xpsN gene is clearly required for extracellular protein secretion by X. campestris pv. campestris. ␣-Amylase, which was secreted extracellularly in the normal strain, accumulated in the periplasm of the mutant strain. This conclusion agrees with the observation that nonpolar transposon insertion in the pulN gene of K. oxytoca abolished pullulanase secretion (40) . On the other hand, the gspN gene was not found in the out gene cluster of E. chrysanthemi (29) , the xcp gene cluster of P. aeruginosa (14) , or the gsp gene cluster of E. coli (58) . Interestingly, expression in E. coli of the out gene cluster of E. chrysanthemi was sufficient for extracellular enzyme secretion (17) . Likewise, d'Enfert et al. (9) demonstrated that expression of the pul gene cluster of K. oxytoca enabled E. coli to secrete pullulanase extracellularly. It appears that the gspN gene may be required for some type II protein secretions but not for others. Alternatively, the outN gene may be located outside the out gene cluster in E. chrysanthemi, and an E. coli gene, outside its gsp gene cluster, can substitute for it.
When analyzed on a sucrose gradient, majority of the XpsN protein cofractionated with succinate dehydrogenase, which was demonstrated to be a cytoplasmic membrane protein in X. campestris pv. campestris (11) . The PulN protein of K. oxytoca was also observed in the cytoplasmic membrane (40) . A stretch of hydrophobic amino acids between residues 10 and 32 could serve to anchor the XpsN protein in the cytoplasmic membrane. Disruption of the hydrophobic region either by changing amino acid residues 21 and 22 (L21R, L22P) or by truncating a major portion of the hydrophobic region (⌬6-25), as well as its replacement with a cleavable N-terminal signal peptide, rendered the XpsN protein unstable (unpublished results). Hence we could not determine the subcellular locations of these mutated XpsN proteins. Nevertheless, our observations implied that the hydrophobic region might be significant in maintaining the stability of the XpsN protein, probably by anchoring it in the cytoplasmic membrane. The prediction was supported by our observation that both XpsN protein stability and its membrane localization were restored by replacing the hydrophobic region (residues 6 to 25) of the XpsN protein with a hydrophobic segment of the TetA protein (residues 2 to 26; accession no. M10786) (data not shown). Moreover, the TetAXpsN hybrid is not functional, suggesting that either the specific sequence of the XpsN protein, the length of the hydrophobic region, or both are significant in its function. An N-terminal hydrophobic region is also predicted in all known GspN proteins.
Almost the entire amino acid sequence of the XpsN protein is C-terminal to the membrane-anchoring sequence. According to the positive-inside rule proposed by von Heijne (57), the major part of the XpsN protein is predicted to face the periplasm. In agreement with this prediction, we were able to detect alkaline phosphatase activity in an E. coli strain that expressed an XpsN-PhoA fusion protein (unpublished results). Similar topology was deduced for the PulN protein of K. oxytoca and the OutN protein of E. carotovora, as suggested by alkaline phosphatase-positive PulN-PhoA fusions (40) and ␤-lactamase fusion studies (42) , respectively. To examine the interactive relationship between the periplasmically facing cytoplasmic membrane protein XpsN and the channel-forming outer membrane protein XpsD, we conducted two types of experiments. Both suggested stable complex formation between the two. The XpsN protein extracted from the membrane with either Triton X-100 or deoxycholate, which are known to form micelles of different sizes (55) What is the biological significance of the association between the XpsN and XpsD proteins in the type II protein secretion process? An interactive relationship between a cytoplasmic membrane protein and an outer membrane protein has been demonstrated in the export of the assembling filamentous phage, as well as in TonB-dependent outer membrane transport systems. In the former case, interaction between the cytoplasmic membrane protein pI and the outer membrane pretein pIV, which has been demonstrated to form a gated channel for the passage of the assembling phage (33), was supported by strong genetic evidence (45, 46) . However, attempts to demonstrate pI-pIV association with cross-linking or immune precipitation experiments were not successful (25) until recently (13) . A model proposed by Russel (47) suggested that the pI protein may stimulate channel opening by transiently interacting with the channel-forming protein pIV. In contrast, positive cross-linking between the cytoplasmic membrane protein TonB and the outer membrane protein FepA receptor of ferric enterobactin and colicins B and D (53) was supportive of their close contact with each other, or even stable complex formation between the two. Further support for stable complex formation between the TonB protein and the outer membrane protein was suggested by the appearance of 30% of the TonB protein in the outer membrane fractions upon sucrose gradient sedimentation analysis (27, 28) . TonB is proposed to be the energy transducer that couples the proton motive force of the cytoplasmic membrane to drive active transport across the outer membrane (6) .
Similarities between the XpsN and TonB proteins are fourfold. Both are proline-rich, periplasmically facing, cytoplasmic membrane proteins that associate with an outer membrane protein. However, the proline-rich region of the TonB protein could be tandemly duplicated (56) or deleted (26) without affecting TonB activity. Furthermore, although we detected XpsN-XpsD association in immune precipitation or XpsNXpsD(His) 6 cofractionation in affinity chromatography experiments, the proportion of the XpsN protein appearing in the outer membrane fractions upon sucrose gradient sedimentation was much lower than that of the TonB protein in the same fractions. It is possible that we have not found the conditions for detecting significant amounts of the XpsN protein in the outer membrane. Alternatively, the XpsN protein could serve as an energy transducer for the type II protein secretion apparatus by interacting with the channel-forming protein XpsD without being detectable in significant amounts in the outer membrane. Nevertheless, we cannot yet rule out the possibility that the XpsN protein may serve to stimulate opening of the protein-translocating channel by interacting with the XpsD protein, similar to the role suggested for the pI protein in export of the assembling phage particle. Alternatively, the GspN protein might be a major component in determining species specificity. Primary sequence identity between individual components of the two Out systems of E. carotovora and E. chrysanthemi ranges from 50 to 83%. However, He et al. (17) demonstrated clearly that the pectate lyase secreted by the former cannot be secreted by the latter. Complementation of deletion mutations in the out gene of E. chrysanthemi with E. carotovora out homologues reveals the OutC and OutD proteins as possible determinants for species specificity (30) . The OutN protein was not included in the test because the outN gene was absent from the out gene cluster of E. chrysanthemi. Thus, the possibility for the GspN protein to be the candidate as species-specific determinant cannot be excluded entirely.
Pairwise global alignments of seven complete GspN proteins that could be retrieved from the GenBank database (Table 2) reveal that the overall conservation of primary sequences among GspN proteins is poor. In particular, the XpsN protein (XANCP) is barely similar to the other GspN proteins. Nevertheless, in addition to its molecular size and gene location in the xps gene cluster, we observed in this study that the XpsN protein is similar to the PulN protein of K. oxytoca in cytoplasmic membrane location as well as topology in the membrane (40) . Primary sequence conservation may not be essential for proteins to have the same function. A conditional lethal E. coli DNA topoisomerase I mutant was complemented by human topoisomerase I despite the lack of sequence similarity between them (3) . Moreover, we noted that, among all GspD proteins, the XpsD protein is the most remotely related, as are the other Xps proteins. Until another one with a more similar primary sequence is identified, we assume the XpsN protein characterized in this study to be a GspN homologue. In that case, regardless of role the GspN protein may be assigned in the type II secretion pathway, the primary sequence divergence should be taken into consideration. Perhaps the GspN protein plays a role in the secretion pathway such that it does not have a strict requirement for a particular tertiary structure, or the specific structure required for the GspN protein could be attained by all homologues despite significant differences in their primary sequences. Poor conservation in primary sequences among the GspN proteins is also supportive of a role as a determinant of species specificity. (20) . Values in parentheses are predicted numbers of amino acid residues.
c Determined based on the alignment method of Needleman and Wunsch (35) .
